The study of grain growth kinetics in nano-grained UO 2 samples is reported. Dense nano-grained UO 2 samples with well-controlled stoichiometry and grain size were fabricated using the spark plasma sintering technique. To determine the grain growth kinetics at elevated temperatures, a synchrotron wide-angle X-ray scattering (WAXS) study was performed in situ to measure the real-time grain size evolution based on the modified Williamson-Hall analysis. The unique grain growth kinetics of nanocrystalline UO 2 at 730
A nano-grained structure with microscale intergranular pores, known as the high burnup structure (HBS), forms in the rim region of UO 2 fuel pellets at high burnup (beyond approximately 50 GWd/tU) [1, 2] . During the formation of the HBS, the initially micron-sized UO 2 grain structures develop into 100-300 nm sized grains by grain subdivision/recrystallization. The HBS has different material properties due to its nanocrystalline nature, such as recovered thermal conductivity [3] and enhanced radiation tolerance. The appearance of the HBS, therefore, alters the fuel performance of UO 2 , by changing its thermophysical properties and fission gas behavior. The HBS evolution is believed to be a consequence of the competition between radiation-induced grain subdivision/recrystallization and grain growth driven by both elevated temperatures and radiation. While the grain growth kinetics of UO 2 with conventional grain size (on the order of 10 lm) have been systematically investigated and well understood [4] [5] [6] , little is known about the nanograined UO 2 formed in the HBS. Previous studies indicate that the grain growth mechanism and kinetics of nanocrystalline materials can differ significantly from those in conventional materials [7] [8] [9] .
Therefore, understanding the microstructure evolution of nanocrystalline UO 2 is essential to develop a better understanding of the fuel performance of UO 2 at high burnup. This knowledge will facilitate further development of advanced fuel performance codes like MARMOT [10] . These codes are ultimately expected to predict the fuel performance of UO 2 with high credibility.
While ex situ grain growth investigations can only sample limited data points during isothermal annealing, in situ grain growth investigations are capable of capturing detailed kinetics by monitoring real-time grain size evolution for prospective mechanism analysis and model development. However, in situ grain growth investigation requires high-frequency non-destructive grain size measurement that does not interrupt the continuous isothermal annealing. As the microstructural information including grain size is contained in diffraction signals, synchrotron wide-angle X-ray scattering (WAXS) was utilized in this study to measure the grain size based on the modified Williamson-Hall (W-H) analysis [11] . This technique and analysis method have been successfully applied to measure the grain size or dislocation density in a variety of nuclear structural materials [12] [13] [14] [15] [16] and nuclear fuels [17] .
The nano-grained samples used in this study were synthesized at 700 • C using the spark plasma sintering (SPS) technique. Since the as-sintered samples were hyper-stoichiometric, they were reduced in a hydrogen environment at 600
• C to recover their stoichiometry. The stoichiometry after reduction was determined to be UO 2.006±0.002 based on the lattice constant [18] measured by a PANalytical X'Pert PRO diffractometer. The porosity of the samples is 3.5% and the grain size is 120±5 nm, according to scanning electron microscopy (SEM) images of the fracture surface ( Fig. 4 (a) ). A high-temperature and high-vacuum apparatus was built to carry out the grain growth investigation. The approximately 10 mm × 10 mm × 0.5 mm specimen was wrapped in double layers of 10 lm Ni foil and fastened between stainless steel (SS) frames to isolate the radiation hazard. The entire sample holder was further encapsulated in a quartz dome to form a vacuum chamber. The vacuum prevents UO 2 from being further oxidized to hyper-stoichiometry or even U 4 O 9 /U 3 O 7 or U 3 O 8 at elevated temperatures [19] . The use of Ni foil also helps absorb any residual oxygen. The sample holder is located in the top part of the quartz dome and can be heated to 1000 • C by an infrared clamp furnace. Four K-type thermocouples are attached to the corners of the stainless steel frames to control and monitor the sample temperature. The high-energy synchrotron WAXS experiment was carried out at Sector 1-ID Hutch E at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). Diffraction measurements were performed with a monochromatic 78.4 keV (k = 0.1581 Å) or 90.6 keV (k = 0.1368 Å) X-ray beam with a beam size of 50 lm × 50 lm. The "Hydra" detector array, which consists of four GE 41RT area detectors, was used to collect the diffraction signals. The detailed experiment setup is shown in Fig. 1 . The nano-grained UO 2 samples were heated to two target temperatures, 750
• C and 815
• C, at a rate of 60
• C/min. The temperature overshoot was less than 5 • C. After the target temperatures were achieved, the specimens were isothermally annealed for approximately 7.5 h. Because the thermocouples are still millimeters away from the specimens, the specimen temperatures were calibrated using the thermal expansion of the UO 2 lattice [20] . The actual specimen temperatures, based on ther lattice constant calibration, were 
730
• C and 820
• C, respectively. The specimen temperatures were quite stable (variations were less than ±5 • C) during the experiment. WAXS exposures of the UO 2 specimens were taken once every 9 s. The diffraction peaks collected by the Hydra detector array were each fit to a pseudo-Voigt function to obtain their breadths. The modified W-H analysis was then utilized to measure the evolution of grain size. In the modified W-H analysis, the broadening of the diffraction peaks is interpreted as follows:
where D is the grain size, A is an adjustable parameter that was selected to be 1 in this study assuming a dislocation density on the order of 10 14 m −2 , b is the length of the Burgers vector, q is the dislocation density,C is the contrast factor, K = 2sinh/k, and DK = 2coshDh/k, h is the diffraction angle, Dh is the peak breadth, and k is the wavelength of the X-ray photons. The dislocation density in nanocrystalline UO 2 is likely to be less than 10 14 m −2 . However, the selection of A does not influence the deduction of grain size, D. Because dislocation density measurement is not the focus of this study, the value of A was not intentionally optimized.C is a material property. The temperature-dependentC was calculated according to Ungar's method [21] :
whereC h00 is the average contrast factor of {h00} reflections, q is a material-dependent parameter, and H 2 is a reflection parameter determined by {hkl}. BothC h00 and q are determined by the crystal structure and single crystal elastic stiffness tensor. As the values of C h00 and q contributed by edge (subscript e) and screw (subscript s) dislocations are different,C has the following expression when both types of dislocations coexist:
where m s is the fraction of screw dislocations. During the linear regression of Eq. (1), m s was optimized by maximizing the coefficient of determination (r 2 ).C h00 and q of both edge and screw dislocations were deduced from the stiffness tensors at various temperatures measured by inelastic neutron scattering [22] , and are listed in Table 1 . In order to validate the in situ measured grain size, an assintered specimen and the two annealed specimens were measured using SEM to determine their grain sizes. The diffraction line profile of the as-sintered UO 2 specimen (the black curve in Fig. 2) shows a perfect powder diffraction pattern from the nano-grained UO 2 phase. Also observed were the diffraction peaks from the Ni foils. As the {331} reflection of UO 2 is very close to the {220} reflection of Ni, only eight UO 2 reflections ({111}, {200}, {220}, {311}, {222}, {400}, {420}, and {422}) were used in the modified W-H analysis. No additional diffraction peaks (from other Table 1 The parameters used in the calculation of the contrast factors.
Parameter 730
• C 820 • C C 11 (GPa) [22] 335.0 328.0 C 12 (GPa) [22] 112.5 111.1 C 44 (GPa) [22] 59.4 58.6 phases) appeared after 7.5 h annealing, as shown by the red and blue curves in Fig. 2 . The lattice parameter of UO 2 also remained stable throughout the isothermal annealing. This demonstrates that the vacuum chamber prevented further oxidation of the UO 2 . Additionally, the grain growth in Ni foils was quite prominent. That is, the Debye-Scherrer rings from Ni turned into separate diffraction spots ( Fig. 2 (b) and (c)) and therefore faded on the azimuthally-integrated diffraction line profile shown in Fig. 2 (a) . The modified W-H analysis shows that the grain size of the UO 2 specimens before isothermal annealing is 144±1 nm. Annealed at 820
• C, the grain size increases to approximately 181±6 nm within the first two hours. After this initial rapid growth stage, no significant change in grain size was observed in the following 5.5 h (Fig. 3) . On the other hand, the grain growth at 730 • C is moderate. The grain size was found to slightly increase to 147±2 nm and then remain at this size through the remainder of the isothermal annealing (Fig. 3) . To validate the grain size measurement based on the synchrotron WAXS techniques, SEM was performed to measure the grain sizes on the fracture surfaces of the isothermally annealed specimens, shown in Fig. 4 (b) and (c) . The grain sizes of the UO 2 samples annealed at 730
• C were respectively measured to be 127±5 nm and 148±7 nm according to the SEM measurement.
In comparing the grain sizes determined by synchrotron and SEM analysis (Table 2) , the synchrotron-measured grain sizes are always larger than the SEM-deduced values. This difference stems from the fact that the SEM images are actually 2D-projected observations only focused on cross-section surfaces, whereas the synchrotron technique measures the true 3D grain structure. Assuming a spherical grain shape, the 3D and 2D grain sizes theoretically differ by a factor of 3/2, or approximately 1.22, which agrees well with the ratios obtained in this study ( Table 2 ). The grain sizes measured by synchrotron diffraction are therefore consistent with the SEM measurements. This comparison also demonstrates that synchrotron X-ray diffraction can accurately measure the grain size of nanocrystalline materials with equiaxed grains.
In situ synchrotron measurement provided detailed two-stage grain size evolution, wherein the majority of the grain growth took place in the first two or three hours of annealing time; after the initial growth, the grain structure was stabilized at the annealing temperature with no significant increase in grain size. Assuming an empirical UO 2 grain growth model [6] Fig. 3 (b) . It is clear that the measured grain growth kinetics at both temperatures fit the model well in the initial stage of isothermal annealing (approximately half an hour for the 820 • C and an hour for the 730
• C annealing), yielding grain boundary mobility of 156.1 nm 2.5 /s and 3.1 nm 2.5 /s, respectively (compared to 2.09×10 −2 nm 2.5 /s and 8.88×10 −4 nm 2.5 /s as predicted by Hastings et al.'s empirical formula for UO 2 with micronsized grains [6] ). Beyond the initial stage, the grain growth kinetics slows down and deviates from the model prediction. After approximately two hours at 820
• C or three hours at 730
• C, the grain growth almost ceases. The stagnation of grain growth observed in this study can be explained by the mechanism discovered by Holm and Foil [7] . Each type of grain boundary has a characteristic temperature, T c , at which the grain boundaries transition from lowmobility to high-mobility. The characteristic temperatures can vary by a considerable amount due to the variation in activation energy of different types of grain boundaries [23] . Namely, at a specific temperature, T, only those grain boundaries with T c < T have high-mobility and therefore contribute effectively to grain growth. During this process, the high-mobility grain boundaries are consumed, leaving the low-mobility grain boundaries (T c > T) in the system. Therefore, the grain growth decelerates after the initial stage and eventually arrives at stagnation. As a result, there is a saturation grain size at each isothermal annealing temperature. The nano-grained UO 2 sample was sintered at 700
• C and reduced at 600
• C. The grain boundaries with T c lower than 600
• C were eliminated during the reduction, while some of those grain boundaries with 600 • C≤T c ≤ 700 • C may still survive the fabrication due to the non-equilibrium nature of SPS manufacturing. The initial grain size can then be regarded as the saturation grain size at a temperature slightly lower than 700 • C. Hence, the grain growth at only 30
• C above the sintering temperature is marginal. On the other hand, when the annealing temperature increases to 820
• C, a considerable number of grain boundaries are activated, leading to prominent grain growth. Additionally, due to the lower sintering temperature of the nano-grained UO 2 sample, more low-T c grain boundaries exist in the system. Thus, the grain growth kinetics of nano-grained UO 2 are not comparable to those of conventional micro-grained UO 2 (usually sintered at over 1500
• C [24, 25] ). During the formation of the HBS, radiation-induced grain subdivision/recrystallization may also create numerous grain boundaries with low T c . Thus, the grain growth kinetics and stagnation mechanism observed in this study will expand the understanding of the microstructure evolution of nano-grained UO 2 as identified in the HBS, enlightening the future study of the characteristics of the HBS and supporting the development of advanced fuel performance code. In addition, a series of factors, such as porosity, initial grain size, and stoichiometry, are expected to influence grain growth kinetics of nano-grained UO 2 . With the capability of in situ synchrotron grain growth measurement established in this study, systematic experimental investigations on the effects of these aforementioned factors have been planned.
In this study, the grain growth behavior of stoichiometric nanocrystalline UO 2 was investigated through in situ synchrotron radiation experiments. The unique grain growth kinetics of nanocrystalline UO 2 were observed and explained by the mobility difference of various grain boundaries. The grain growth behavior of nanocrystalline UO 2 sheds light on the microstructure evolution of the HBS and therefore provides a valuable reference for the validation of models used in the MARMOT code.
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